Room Temperature Domain Wall Pinning in Bent Ferromagnetic Nanowires 
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Mechanically bent nickel nanowires show clear features in their room temperature magnetoresis- 
tance when a domain wall is pinned at the location of the bend. By varying the direction of an 
applied magnetic field, the wire can be prepared either in a single-domain state or a two-domain 
state. The presence or absence of the domain wall acts to shift the switching fields of the nanowirc. 
In addition, a comparison of the magnetoresistance of the nanowire with and without a domain wall 
shows a shift in the resistance correlated with the presence of a wall. The resistance is decreased by 
20 — 30 raQ. when a wall is present, compared to an overall resistance of 40 — 60 Q,. A model of the 
magnetization was developed that allowed calculation of the magnetostatic energy of the nanowires, 
giving an estimate for the nucleation energy of a domain wall. 



I. INTRODUCTION 

Electrodeposited nanowires provide useful systems for 
studying electrical and magnetic phenomena at sub- 
micron length scales. Metallic nanowires with diameters 
in the 20-500 nm range can be grown in bulk quantities 
to lengths as long as 50 microns. 1 Since the composi- 
tion of the nanowires can be varied along their length, 
they can be used to study phenomena where electrical 
current flows perpendicular to the composition modu- 
lation. There has been significant interest in study- 
ing the magnetic properties of individual pure ferromag- 
netic nanowires, including the mechanism and dynamics 
of magnetization reversal^ spin transfer* 3 - and domain 
wall propagation. 4 A variety of techniques have been 
used to examine nanowires, including micro- SQUID, 2 
magnetic force microscopy^^ and magnetoresistanc o 3 ' 4 ' 6 
techniques. Previous magnetoresistance measurements 
have primarily focused on wires that are still embed- 
ded in their fabrication templates, using special growth 
techniques to ensure that only one wire is contacted for 
measurement We have developed techniques to re- 
move nanowires from their templates^ and to make oxide- 
free electrical contacts to the ends of individual wires & 
In this work, we look at the effects of mechanically bend- 
ing Ni nanowires. A nanowire with one bend has two 
segments whose magnetic easy axes point in different di- 
rections due to shape anisotropy. By varying the direc- 
tion along which the wires are magnetized, a domain wall 
can be trapped at the bend. Electrical current passing 
through the nanowire flows through this trapped domain 
wall, allowing observation of effects due to the wall on 
the transport properties of the wire. 

Previous work on domain wall magnetoresistance 
in nanostructures includes experimental studies on 
metal whiskers, 9 template-grown nanowires^ GMR thin 
films^S ferromagnetic thin films with stripe domains, 11 
ferromagnetic trilayers?i£ step-edge wiresji 3 " and litho- 
graphically defined structures ji^i^iSi as well as theoret- 
ical models that incorporate spin-flip scattering^ spin 
accumulation^ weak localization^ and semi-classical 
scattering^ The resistance contribution of domain walls 
has been measured to be either positive 4 *i2* 1 ii2*i& or 



negative 



.13.14,15 



in various systems. The majority of these 



transport measurements were performed at low temper- 
atures. In this work, howerver, we present results that 
show a decrease in resistance associated with the presence 
of a domain wall at room temperature, using mechani- 
cally bent nickel nanowires. 



II. FABRICATION AND MEASUREMENT 

Metallic nanowires were grown via electrochemi- 
cal deposition into the pores of nanoporous alumina 
templates iSiiSSiS^ The templates used were 60 thick 
with a nominal pore diameter of 100 nm (Anodisk, What- 
man, Inc.), with a 500 nm thick sputtered copper film 
serving as a working electrode. Platinum was deposited 
from a solution of 7.3 g/L (NH 4 ) 2 PtCl 6 and 58.3 g/L 
Na 2 HP0 4 , buffered to pH 8.3 at a potential of -0.6 V 
relative to a Ag/AgCl reference electrode. Nickel was 
deposited from a solution of 20 g/L MCI2 • 6H2O, 515 
g/L Ni(H 2 NS0 3 ) 2 -4H 2 0, and 20 g/L H3BO3, buffered 
to pH 3.4 at a potential of -1.0 V relative to a Ag/AgCl 
reference. Due to branching effects inside the pores, 
the actual diameters of the pores and hence of the 
nanowires, are significantly larger than the nominal di- 
ameter. Scanning electron microscopy (SEM) measure- 
ments on the nanowires showed diameters of 350 ±40 nm. 
The nanowires were grown to lengths ranging from 20 
to 40 microns. The majority of the wire length was 
nickel, with 2 /im of platinum at each end of the wire 
(see Fig^a)). These Pt endcaps provide a clean low- 
resistance electrical interface between the nickel segment 
and the contacts^ 

After fabrication, the alumina template was dissolved 
in a 50 °C KOH bath and the wires were resuspended 
in isopropanol. This suspension was then centrifuged for 
several minutes, inducing sharp bends at a range of an- 
gles into the nanowires. A SEM image of a nanowire 
with a 90° bend is shown in Fig. ^b), with a detail of 
the bend region shown in Fig. ^c). This bending typ- 
ically occurred near the center of the wire length. Af- 
ter bending, the wires were spun out onto a glass sub- 
strate, and an optical microscope equipped for projec- 
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FIG. 1: SEM micrographs of PtNiPt nanowires. (a) Energy- 
resolved image of 3-segment nanowire showing Pt endcaps 
and Ni central segment, (b) Nanowire with 90° bend at the 
center, (c) Detail of bend region for the wire shown in panel 
(b). 




FIG. 2: Optical micrographs of PtNiPt nanowires with litho- 
graphic electrical contacts, (a) 20 /im long straight nanowire. 
(b) 35 /im long nanowire with 25° bend. 



tion photolithography 2 * was used to pattern evaporated 
Cr/Au electrical contacts on top of the platinum endcaps 
of the nanowires. Nanowires were selected based on the 
angle and sharpness of the bend, and the straightness 
of the two segments. The contacts were patterned in a 
pseudo 4-probe geometry, as shown in Fig. 

Current- voltage (IV) measurements were performed on 
a series of straight PtNiPt nanowires of various lengths 
to determine the resistivity of the segments and the con- 
tact resistance. The IV curves were linear up to cur- 
rent densities of j = 5 x 10 8 A/cm 2 (1=0.5 mA), with 
Joule heating acting to increase the resistance at higher 



currents, up to a maximum breakdown current density 
of j = 10 10 A/cm 2 i£ The platinum segments showed a 
room-temperature resistivity of p w 17 pfl — cm and the 
nickel had p 10 pfl — cm. 25 Contact resistances be- 
tween the electrodes and the nanowires were typically 
1 — 2 ri. The measured resistances decreased monoton- 
ically as the wires were cooled to 5 K, indicating that 
the contacts were metallic in nature and all interfaces 
were clean. Similar measurements on pure Ni nanowires 
showed insulator-like thermal behavior, which suggests 
the presence of surface oxide on the Ni and indicates the 
importance of the Pt segments for the success of these 
measurements. 

The magnetotransport measurements on PtNiPt 
nanowires were made with a 10 pA 100 Hz AC cur- 
rent source and a lockin amplifier. The measurements 
were made at room temperature, using an electromagnet 
equipped with a computer-controlled motorized rotating 
sample stage. A 2-axis Hall effect sensor (Sentron AG) 
was used to implement a closed feedback loop on the 
rotation system, giving an angular positional accuracy 
varying from 0.2° at 4 kOe to 1° at 500 Oe. Magnetore- 
sistance hysteresis loops were obtained by ramping the 
field at rates ranging from 2 to 50 Oe/s and continuously 
measuring the resistance. The system also allowed for 
measurement of resistance at constant field while contin- 
uously changing orientation. In this mode, the stage was 
rotated at 0.5 deg/s. The feedback loop allowed for accu- 
rate comparisons between R(H) and R(9) measurements. 
In all cases, the field was in the plane of the substrate, 
with the rotation axis perpendicular to this plane. 



III. STRAIGHT NANOWIRES 

The magnetoresistance of a 20 pm long straight 
nanowire is shown in Figs. EHa)-(d) for four different 
orientations to the field. As has been seen in previ- 
ous, in-template, measurements on similar wires^^ there 
are two main features in the magnetoresistance. First, 
there is an overall non-hysteretic contribution due to the 
anisotropic magnetoresistance (AMR) effect in nickel^ 
Our straight wires have a room temperature AMR of 
AR/R = (R(H = 4 kOe) - R{H = 0))/R(H = 0) = 
— 1.5% when the wire is perpendicular to the applied 
field. The decrease in the low-field resistance when the 
wire is parallel to the field (Fig.^a)) indicates that there 
is some demagnetization at low fields. This is discussed 
in more detail below. In addition to the non-hysteretic 
magnetoresistance, there is an abrupt increase in the re- 
sistance at a well defined magnetic field, known as the 
switching field H sw £ This hysteretic effect is due to the 
rapid reversal of the nanowire's magnetization. 6 When 
the nanowire is nearly perpendicular to the field, we fre- 
quently observe a splitting of the transition into two or 
more unequal steps. This can be seen in Figs. Etc), (d) 
and [fJJe) . We believe that the presence of the smaller 
transitions is due to slight bends in the nanowire, and a 
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FIG. 3: Magnetoresistance of a 20 /im long straight nanowire 
at different angles 6 to the applied field, (a)-(d): R(H) at 
9 = 0°, 70°, 82°, and 88°, respectively. The open square 
and diamond mark switching events at the same (H, 6) loca- 
tions marked by the corresponding symbols on Fig.QjJb). The 
arrows indicate direction of field sweep. 
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consequent shift in the switching field. When such split 
transitions are observed, we define the overall switching 
field as the location of the largest step in the resistance. 

As can be seen from Fig. |3 the value of H SVJ depends 
on the angle between the wire and the field. This is more 
evident in Fig.^fa), which shows the angular dependence 
of the switching field. This figure can be viewed as a 
phase diagram for one particular nanowire. When a given 
(H, 9) location lies outside the elliptical region defined by 
the set of switching fields, the nanowire is in the reversible 
state, and the magnetization is single-valued, depending 
only on the values of H and 9, and not on the wire's 
prior history. On the other hand, when (H, 9) lies inside 
the set of switching points, the wire is in a hysteretic 
state, where the magnetization is multiply valued, and 
depends on the path followed. Fig. 01 b) shows the same 
switching field data as Fig.^a), plotted on a linear scale 
(showing |/f sw |). In this panel, the reversible region lies 
above the plotted points, and the hysteretic region below. 
These measurements were repeated on a series of 350 nm 
diameter nanowires, with lengths ranging from 12 to 20 
/im. As can be seen from Fig.0Jb), H sw (9) is independent 
of wire length in this range. 

Additional measurements were performed where the 
field was kept fixed and the wire was continuously rotated 
through two complete revolutions, one counterclockwise 
[6 increasing) followed by one clockwise (8 decreasing). 
Three such R(9) measurements on a straight nanowire 
are shown in Figs.|5fa)-|3c). The curvature seen in R(9) 
is due to the magnetization of the wire rotating towards 
the direction of the field and hence away from the axis 
of the wire. The resistance follows R cx | cos(6*) | 2 , as 



FIG. 4: (a) Polar plot of switching fields for a 20 /mi straight 
wire. The external field is applied in the 8 — direction; the 
nanowire points radially outward. Circles: Measured H sw (6). 
Solid line: Curling small-nucleation- volume fit (see text), (b) 
Data and model from (a), replotted on linear scale, showing 
|// sw |. Switching fields from four nanowires with lengths rang- 
ing from 12 to 20 /im are plotted. Dashed line: Predicted H sv 
for simultaneous reversal of the entire wire. The line drawings 
at the top of (b) show the direction of the wire orientation 
relative to the horizontal field. 



would be expected from the AMR of a cylinder. The ro- 
tation sweeps also show sharp switching events that are 
very similar to those seen in the field sweeps discussed 
previously. These measurements also show hysteretic be- 
havior. This can be understood by tracking the direction 
of the magnetization in the wire as it is rotated. Initially 
(9 = 180°), the wire is parallel to the field, along with the 
magnetization. As the wire is rotated, the strong shape 
anisotropy tends to make the direction of M rotate away 
from the field, tracking the wire axis. This continues as 
the wire rotates past perpendicular, with the magnetiza- 
tion becoming increasingly anti-aligned to the field. At 
a certain orientation (9 SW ), this anti-aligned magnetiza- 
tion becomes energetically unstable, and the magnetiza- 
tion undergoes a rapid reversal in direction to become 
aligned with the field. This produces the sharp increases 
in the resistance seen in Fig. |3J When the direction of 
rotation is reversed, the same behavior is observed. How- 
ever, since the reversal occurs after the nanowire rotates 
past perpendicular to the field, the magnetization, and 
hence the resistance, is hysteretic. 
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FIG. 5: Resistance vs. wire orientation at fixed external field 
(a) H=300 Oe, (b) H=500 Oe, (c) H=1000 Oe for a 20 fxxa 
straight nanowire. The arrows show the direction of rota- 
tion. The line drawings above plot indicate wire orientation. 
The open diamond and square in panel (b) indicate switching 
events at the same (H, 9) locations marked by the correspond- 
ing symbols on FigEJb). (d) Switching angle vs. applied 
field. The field points in the 9 = direction and the nanowire 
points radially outward. The solid circles are from measure- 
ments with 9 increasing, and open circles with 9 decreasing. 
The solid curve is the curling-mode fit to the switching field 
data shown in Fig. 2] The straight line and circle show the 
trajectories in (H, 9) for the data in Fig. 13b) and panel (b) 
of this figure, respectively. 



As with the R(H) measurements discussed above, the 
R(9) data can be divided into two regions, where the re- 
sistance is either reversible or hysteretic. The boundary 
between these two regions can be determined by plot- 
ting 9 SW as a function of the applied field, as shown in 
Fig. IBTd) . The smooth curve in Fig. GJd) is the fit to the 
H sw (9) data (discussed below) shown in Fig. 0] H sv/ (9) 
and 9 SW (H) closely overlap, indicating that the location 
of the phase boundary does not change depending on 
which variable is being swept. This is further illustrated 
by comparing the data shown in Fig. Etb) (R vs. H at 
9 = 70°) with the data in Fig. E^b) (R vs. 9 at H=500 
Oe). The open diamond on both of these panels marks 
a switching event at 9 = 70°, H=500 Oe. Similarly, the 
open square marks a switching transition at 9 = 70°, 
H=-500 Oe, or equivalently, 9 = -110°, H=500 Oe. 

To determine the reversal mode of these nanowires, 



we examine the shape of H sw (9). As shown in Fig. 0] 
H sw is peaked near 9 — ±90° (wire perpendicular to 
field) and has a minimum at 9 = 0, 180° (wire paral- 
lel to field). This angular dependence allows us to rule 
out Stoner-Wohlfarth, or coherent rotation, as the re- 
versal mechanism, as that reversal mode has peaks in 
the switching field when the wire is both perpendicu- 
lar and parallel to the fieldi— This suggests that the re- 
versal mechanism for the wire is incoherent rotation, or 
curling, 28 consistent with expectations based on the di- 
ameter of the nanowirej2£ as well as previous magnetic 
force microscopy studies on Ni nanowires of comparable 
size£ 

For an ellipsoid reversing its magnetization through the 
curling mode, it has been predicted 3 ^ that the switching 
field follows 



(2D Z -a) (2D X -a) 



(2D Z - a) 2 sin 2 9 + (2D X - a) 2 cos 2 9 



where M s is the saturation magnetization, D z and D x 
are the demagnetization factors along the major and 
minor axes of the ellipsoid, and a = k(ro/r) 2 . Here, 
r is the minor radius of the ellipsoid, ro is the ex- 
change length of the ferromagnet, and k is a geomet- 
rical factor dependent on the aspect ratio of the prolate 
spheroid. From the nanowire's length of 20/im and radius 
r = 175nm, the demagnetization factors are D x = 0.4998 
and D z — 0.00042. — The saturation magnetization is as- 
sumed to be the bulk nickel value, M s = 485 Oe. The 
exchange length for nickel is known to be approximately 
20 nrnj^iS^ and k for an extended cylinder is 1.079. 30 
The predicted curve, shown as the dashed line in Fig. 0] 
clearly does not match the observed switching fields for 
our wires. However, it has been suggested that the mag- 
netization reversal proceeds via an initial nucleation in 
a small volume of the wire, and subsequent propagation 
throughout the entire wire£ This assumption does fit the 
observed data (solid line in Figs. Ufa), EJb), and^d)), 
with free parameters D z = 0.0991 and a = 0.144, cor- 
responding to a nucleating region of aspect ratio 1.3:1 
and radius r = 100 nm. This nucleation region occupies 
0.5% of the total wire volume. The size of this nucleation 
region is comparable to previously determined values in 
nanowires of smaller diameter^ As noted above, H sw (9) 
for several of our straight nanowires have the same shape; 
this indicates that the size and shape of the initial nu- 
cleation volume does not vary signficantly between wires 
with different lengths. 

To examine the energetics of the nanowire reversal pro- 
cess, we have developed a phenomenological model to de- 
scribe the behavior of the magnetization. We begin by 
assuming that, except at the switching field, the direction 
of the magnetization is described by Stoner-Wolhfarth 
coherent rotation, 



H 



2ttM. 



sin(0 -uj) = {D x - D z ) sin(2w) 



(2) 
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where 9 is the angle between the applied field and the 
wire axis, and u) is the angle between the magnetization 
vector and the wire axis*& Because the nanowire is ini- 
tially being modeled as single domain, the demagnetiza- 
tion factors used in this calculation are derived from the 
geometry of the entire wire (D x = 0.4998, D z = 0.00042), 
and not from the nucleation volume determined from the 
curling mode fit. The resistance is then related to the 
magnetization by R(H, 9) = R + Ai?cos 2 w. At H = 0, 
the shape anisotropy forces the magnetization to lie along 
the axis of the wire (coslj = 1), indicating that the re- 
sistance should be maximized at zero field. However, the 
observed resistance data shown in Fig. [3] have maxima 
that are at non-zero field. This implies that there is a 
demagnetization effect at low field that reduces the over- 
all magnitude of M. A possible mechanism for this effect 
is that the magnetization is rotating towards the crys- 
talline easy axis of the wire. Since these nanowires are 
polycrystalline, there will be a distribution of these di- 
rections, resulting in a decrease in the net magnetization. 

To model this behavior in the data, we assume that the 
S-W theory provides an accurate description of the direc- 
tion of the magnetization, but that there is a spatially- 
uniform demagnetizing effect that reduces the magni- 
tude. In the absence of direct data on the magnitude 
of the magnetization, we assume a simple analytic form, 

ffi)=tanhf^) (3) 
M s \ AH J K ' 

where the sign of Hq depends on which branch of the 
hysteresis is being followed. The expression for the mag- 
netoresistance is then modified to 

R{H,n) = R + AR(^p-^ cos 2 w, (4) 

and this expression is fit to the observed data using Hq, 
AH, i?o, and AR as free parameters. We use the switch- 
ing field calculated from the small nucleation volume 
curling mode fit described above, and not by the Stoner- 
Wohlfarth coherent rotation mode. The best-fit magne- 
tization curves and calculated resistances for two orien- 
tations are shown in Fig. EJ The exact functional form of 
the demagnetization curve Eq. (J3J) does not have a major 
effect on the quality of the model. A Langevin function 
(L(x) — - — coth(x)) works as well as the tanh(x) that 
was used in Eq. ©. 

As can be seen from the figure, this approach produces 
calculated magnetoresistance curves that closely match 
the observed data, and hence this modeling procedure 
provides a good description of the magnetic response of 
the wire. The magnetization information obtained from 
the fit can then be used to calculate the magnetostatic 
energy of the nanowire. For an extended ellipsoid, the 
energy is given by 

E = -^VM-n+^VMDcc-D z )M* (5) 
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FIG. 6: Calculation of magnetoresistance and magnetostatic 
energy in straight nanowire using modified Stoner-Wohlfarth 
magnetization model, (a)-(d) Straight nanowire at 46° to the 
field, (a) Measured and model magnetoresistances. Model is 
a best-fit curve to equations © and Pfl. with Ho = 1036 Oe, 
AH = 767 Oe, H sv , = 260 Oe, R = 24.67 ft, and AR = 
0.306 Q. The model curve has been shifted downwards for 
clarity. Arrows show the direction of field sweep, (b) uj{H), 
the angle between the magnetization vector and the wire axis. 
Dashed lines show magnetization reversal at the curling mode 
switching field, (c) M(H) for the model curve shown in (a), 
(d) Magnetostatic energy calculated from (b) and (c). (e)- 
(h) Straight nanowire at 87° to the field. H = 5067 Oe, 
AH = 2373 Oe, H sv = 1650 Oe. 



where V is the volume of the wire and M z is the com- 
ponent of the magnetization along the wire axis^ The 
field dependence of this energy is shown for two orien- 
tations of a straight wire in Fig. E{c),(f). The magnetic 
reversal corresponds to a transition from a high-energy 
to a low-energy state, with a typical change in energy of 
1 x 10 -7 erg, compared to a total magnetostatic energy 
on the order of 1 x 10~ 6 erg. 



IV. BENT NANOWIRES 

The magnetoresistance behavior of bent wires is signf- 
icantly different from that of the straight wires, as illus- 
trated in Fig. 13 for a 40 /mi wire with a 25° bend, and in 
Fig-IElfbr a w i re f the same length with a 90° bend. The 
non-hysteretic AMR component of the resistance is never 
flat, as it is for straight wires when 9 = 0. In addition, 
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FIG. 7: Magnetoresistance of a 35 /im long 25° bent nanowire 
at different angles to the applied field, (a) Both segments at 
12° to H (9 = 180° on Fig®, (b) Segments at 41° and 66° to 
H (6> = 126°). (c) Segments at 57° and 82° to H (9 = 111°). 
(d) Segments at 77° and 78° to H (9 = 90°). 



most orientations show jumps in the resistance at two 
distinct fields, indicating the presence of two magnetiza- 
tion reversals. The switching fields vs. wire orientation 
for the 25° and 90° bent wires are shown in Fig. 03 and 
Fig. ^3 For each wire, there are two peaks in H sw (8) , 
each occuring when one of the segments is perpendicu- 
lar to the field. As indicated in panel (b) of each figure, 
the separation between the peaks is equal to the bend 
angle for each wire. From this, the basic similarity of 
the individual peaks, and the comparable height of the 
resistance steps to that observed in the straight wires, 
we infer that the two resistance steps observed in R(H) 
correspond to magnetization reversals in the individual 
segments, with the higher field feature coming from the 
segment that is oriented at the larger angle with respect 
to H. It should be noted, however, that not all orienta- 
tions show two switching transitions. For each bent wire, 
there is a range of orientations (marked by open triangles 
on Fig. [§] and Fig. I1(J|) where only a single transition is 
observed. The implications of this are discussed below. 

As in the case of the straight nanowires, Fig. [5] and 
Fig. 1 1UI represent phase diagrams for the bent nanowires. 
In this case, the shape of the phase boundaries is more 
complicated, because of the presence of two segments 
at differing orientations. The overall nature of the dia- 
gram, however, is the same, with a reversible region that 
lies outside the curve, and a hysteretic region inside the 
curve. 

Figure ITTT aWc) shows R(8) measurements at a range 
of fields for a nanowire with a 90° bend. As in the straight 
wires, switching transitions in the bent wires are observed 




FIG. 8: Magnetoresistance R(H) of a 35 /im long 90° bent 
nanowire at different angles to the applied field, (a) Both 
segments at 45° to H (9 = 180° on FigCOJl. (b) Segments 
at 20° and 70° to H (9 = 155°). Open diamond and square 
mark switching events that occur at the same location as cor- 
responding points marked on Fig. Illf b). (c) Segments at 7° 
and 83° to H (9 = 132°). (d) Segments at 2° and 88° to H 
(61 = 137°). 



at the same set of (H, 8) locations in both the R{H) and 
the R(8) measurements. This is illustrated in Fig. llir d). 
where the smooth curves shown in Fig. 1101 are super- 
imposed over the measured 8 SW (H) from the R(9) mea- 
surements. The two data sets match well. This is seen 
in more detail by comparing a field sweep at 8 = 155° 
(Fig.03») to an angle sweep at H=450 Oe fFig. lTTfo )). 
The trajectories in (H, 8) that these two data sets de- 
scribe are marked in Fig. UlT d) by a straight line and 
circle, respectively. The switching events on these two 
scans occur in the same location, indicated on the plots 
by an open diamond and square. 

As a starting point, the angular dependence of the 
switching fields in the bent nanowires can be modeled 
by assuming that the two segments of the wire switch in- 
dependently. If this assumption is accurate, then the 
curling-mode fit discussed above for the straight wire 
should also apply to bent wires when suitably offset in 
angle to account for the different relative orientation of 
the two segments to the field. As seen in Fig. OJb) and 
Fig. HOf b) , these curves qualitatively match the observed 
behavior of the bent wires, indicating that independent- 
segment curling is a reasonable first approximation for 
describing the switching behavior,^ 2 There are, however, 
systematic deviations between the data and the model, 
indicating that the first-order approximation of the bent 
wire as two independent straight segments is incomplete. 
To understand these deviations, it is necessary to exam- 
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FIG. 9: Switching field versus wire orientation for a 25° bent 
nanowire. The dots indicate the measured switching fields 
of the two segments; the open triangles show where only a 
single transition is observed. The solid lines are the small- 
nucleation- volume fit from Fig. |1J shifted in angle to account 
for the different orientations of the individual segments. 



FIG. 10: Switching field versus wire orientation for a 90° bent 
nanowire. The dots indicate the measured switching fields 
of the two segments; the open triangles show where only a 
single transition is observed. The solid lines are the small- 
nucleation- volume fit from Fig. 21 shifted in angle to account 
for the different orientations of the individual segments. 



ine interaction effects between the segments. 



A. Effects of domain configuration on H sv , 

Before discussing the effects of intersegment interac- 
tions, it is first necessary to examine how the domain 
configuration in a bent nanowire varies with angular ori- 
entation. This can be examined using magnetic force mi- 
croscopy (MFM) on bent nanowires. MFM images were 
acquired with a Nanoscope III Multimode AFM/MFM 
(Digital Instruments). An example is shown in Fig. 1121 
Fig. I12f a~) shows an atomic force microscope topographic 
image. In Fig. I12f bh the nanowire was initially magne- 
tized in a strong vertical field, and subsequently imaged 
by MFM at zero field. The MFM picture shows a pos- 



itive pole at one end of the wire and a negative pole at 
the other end, with no pole at the bend. The absence of 
a pole in the body of the wire indicates that the mag- 
netization is continuous, with no domain wall present. 
In Fig. I12f c) , the same nanowire was remagnetized in a 
strong horizontal field and a zero-field image was again 
obtained. Here, the poles at the wire ends are both pos- 
itive, and there is a strong negative pole at the bend. 
The pole at the bend is a signature of a the presence 
of a domain wall at the center of the wire. This cen- 
tral pole was measured to have a width of 1 /im, signifi- 
cantly larger than the typical 100 nm domain wall width 
in nickel^ We believe that this increase in the size of the 
domain wall is associated with the extended curvature at 
the bend region. 

The orientation dependence of the domain structure 
can be understood by considering the schematic of the 
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FIG. 13: Schematic of the magnetic configuration of a 90° 
bent nanowire at two orientations to the field; the angles be- 
tween the segments and the field are the same in both cases. 
(a)-(d) Nanowire in "wall" orientation (see text), (e)-(h) 
Nanowire in "no-wall" orientation. The applied field is given 
between each row. Note the presence of a domain wall in case 
c, but not in g. 



FIG. 11: Resistance vs. wire orientation for a 40 /J,m nanowire 
with a 90° bend at fixed external field (a) H=450 Oe. (b) 
H=1000 Oe. (c) H=3900 Oe. The arrows indicate the di- 
rection of rotation, (d) Switching angle vs. applied field. 
The filled and open circles are switching transitions seen in 
counter-clockwise (8 increasing) and clockwise (8 decreasing) 
rotations, respectively. The solid line and circle represent tra- 
jectories followed in (H, 8) by Fig.|5f b) and in panel (a) of this 
figure, respectively. The open diamond and square indicate 
the position of switching events that occur on both trajecto- 
ries. 




FIG. 12: (a) Atomic force microscopy image of a bent Ni 
nanowire. (b), (c) Magnetic force microscopy images of the 
same nanowire. In each panel, the wire was magnetized in the 
direction indicated by the arrow and subsequently imaged in 
zero field. 



magnetization structure shown in Fig. EH At an initial 
large positive field (a,e), the applied field dominates over 
the shape anisotropy and the segments' magnetizations 
rotate off the segment axis and towards the applied field. 
When the field is reduced to zero, the magnetizations 
relax back towards the segment axes (b,f). The MFM 
images were taken at this point, with Fig. I12f b) corre- 
sponding to the schematic magnetization in Fig. I13f b) , 
and similarly for Fig. I12f c) and Fig. ll3f f). At some neg- 
ative field, the segment that is nearly parallel to the field 
undergoes a switching transition, reversing its magneti- 
zation direction (c,g). At this point, the wire configu- 
ration shown in (c) has a 90° domain wall at the bend; 
we therefore term this the "wall" orientation. On the 
other hand, the magnetization in (g) does not have a 
domain wall, but instead has a continuous rotation of 
the magnetization direction between the two segments. 
This orientation is thus designated the "no-wall" state. 
At larger negative field, the magnetization of the near- 
perpendicular segment reverses, and the magnetization 
for both segments again rotates off-axis (d,h) as in (a,e). 
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FIG. 14: (a) R(H) of a straight nanowire at 28° (solid) and 
62° (dashed) to the field, (b) R(H) of a 90° bent wire, with 
segments at 28° and 62° to the field. 



The most visible deviation from the independent seg- 
ment picture occurs near 9 = 0° and 9 = 180°, where 
the two segments are at similar angles to the field. If 
the two segments of the bent wire were not coupled, they 
would switch simultaneously if and only if their angles to 
the field were the same. For all other orientations, the 
segments would have different switching fields. In the ac- 
tual bent wires, however, a single simultaneous transition 
is seen even when the angles are not the same. This is 
shown in Fig. 1141 which compares the MR of a straight 
wire at 28° and 62° to the field to the resistance of a bent 
wire whose segments are at comparable orientations. The 
straight wire switches at different fields in the two orien- 
tations, whereas the bent wire's response is dominated 
by a single large jump in the resistance, indicating that 
both segments switch simultaneously. This "locking" of 
the switching of the segments occurs over a wide range 
of orientations, indicated by the solid triangles in Fig. 
and Fig. UUI 

The reversal locking occurs in regions where the wire 
orientation is similar to the left column in Fig^| This 
region is found at 6 < 78° and 9 > 103° in Fig. for 
the 25° bent wire and 9 < 45° and 9 > 135° in Fig. [TO| 
for the 90° wire. The locking occurs because the energy 
cost of nucleating a domain wall to enter the intermediate 
state (c) makes it energetically favorable to suppress the 
separate transitions and reverse the entire wire simulta- 
neously. The locked transitions are shown in Figs. and 
1101 as open triangles. An estimate for the energy cost of 
domain nucleation can be determined by considering the 
shift in the switching fields and the additional magneto- 
static energy associated with that shift. For the orienta- 
tions shown in Fig. [21 this shift is approximately 35 Oe. 
This corresponds to an increase of energy of 1 x 10~ 8 erg, 
approximately 1% of the total energy of the nanowire. 

When the two segments of a bent wire are at suffi- 
ciently different angles to the field, the wire reverses its 



magnetization in two separate steps. There is still an en- 
ergy cost for switching into the anti-aligned intermediate 
state, which appears as an increase in the switching field 
of the segment closer to parallel to the field. This can be 
seen most clearly in Fig. [TU1 for 9 < 45° and 9 > 135°, 
where the measured switching fields (circles) are larger 
than what was expected based on the straight wire re- 
sults (smooth curve) . At higher field, the reversal of the 
segment closer to perpendicular to the field places the 
wire back into an aligned magnetization state. This is 
an energetically favorable transition, and in this regime, 
the straight wire data matches the behavior of the bent 
wire. 

The opposite behavior is observed when the wire is in 
an orientation similar to the right column of Fig. 1131 For 
the 90° bent wire, this occurs for 45° < 9 < 135° in 
Fig. In this orientation, the low-field reversal (of the 
segment more nearly parallel to the field) places the wire 
in a single domain state. Since there is no additional 
energy barrier due to the creation of a domain wall, the 
behavior of the bent-wire switching field is accurately 
predicted by the straight wires. On the other hand, the 
subsequent reversal of the more nearly perpendicular seg- 
ment places the wire in an anti-aligned magnetization 
state. The cost of nucleating a wall results here in an in- 
crease in the switching field in this regime. This is seen 
in Fig.QHlas a shoulder in the peaks for 45° < 9 < 135° 
compared to the prediction from the straight wire data. 

It should be noted that these shifts in the switching 
fields for the bent nanowires cannot be ascribed to dif- 
ferences in the lengths of the two segments. The switch- 
ing field data for the series of straight nanowires shown 
in Fig. 12b) indicate that there is very little variation in 
H sw (9) in the range of lengths studied. This range of 
lengths encloses the lengths of the segments of the bent 
nanowires studied. This implies that the changes in H sw 
in the bent wires are not simply due to differences in the 
segment lengths. 



B. Domain wall resistance 

In addition to shifting the switching fields, the domain 
configuration effects can be observed directly in the mag- 
netoresistance data. This can be seen by comparing the 
MR curves for a bent wire in two orientations, corre- 
sponding to those in Fig. with the same angles be- 
tween the segments and the applied field. The magne- 
toresistance for one such pair of orientations is shown in 
Fig. I15f a). The solid curve, corresponding to the ori- 
entation in the left column of Fig. ^] ("wall" orienta- 
tion), has a domain wall in the region where only one 
segment has reversed. The dashed curve, correspond- 
ing to the other ("no- wall") orientation, does not have 
a domain wall in this region. Since the angles between 
the segments and the field are the same, we would ex- 
pect the magnetoresistances to be the same, with some 
differences in the switching fields due to the energetic 
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FIG. 15: Resistance versus field for a 90° wire with segments 
at 8° and 82° to the field, (a) Solid line is the wire in the 
"wall" orientation (see text); dashed line is wire in the "no- 
wall" orientation, (b) Difference in resistance between the 
two wire orientations. 

effects discussed above. Instead, there is a significant 
difference in the intermediate region, where only one of 
the segments has reversed. This is shown in more de- 
tail in Fig. H5f b). which plots the differences between 
the two curves. The solid curve ("wall" orientation) has 
a lower resistance in the intermediate region, suggesting 
that there is a decrease in the resistance associated with 
the presence of a domain wall. This decrease was seen 
in measurements on multiple 90° bent wires, with mag- 
nitudes in the range of 20 — 30 mfi, corresponding to a 
fractional change in the resistance of AR/R = —5 x 10~ 4 . 
We note that the bend angle needs to be near 90° to allow 
a comparison of this sort to be made. This result is some- 
what analogous to what was observed by Taniyama et. 
al in lithographically-defined zigzag structures at lower 
temperatures^ 

There are multiple theoretical models that include the 
possibility of domain walls with negative contributions to 
the resistance. Tatara and Fukuyama 1 ^ have proposed a 
mechanism based on the suppression of weak localization. 
Using the dimensions of our nanowire in their theory 
gives a predicted wall resistance of SR/R = — 4 x 10~ 4 , 
comparable to the measured value. However, it is un- 
likely that weak localization effects play a significant role 
at room temperature, indicating that an alternate expla- 
nation is required, van Gorkom et almQ have proposed a 
semi-classical mechanism based around differing scatter- 
ing relaxation times for the majority and minority spin 



channels. Depending on the ratio of these times, the wall 
resistance can be either negative or positive, with values 
in the range —0.05 < 8R/R < 0.1. This range encom- 
passes the observed values in our nanowires, but in the 
absence of detailed information on the nature and den- 
sity of the impurities in the nickel, we are unable to make 
a more precise comparison between the theory and our 
data. 

Another effect that can provide negative wall resis- 
tance is the AMR contribution from the spins inside 
the wall itselfi 1 ^* 1 ^ Based on the MFM results shown in 
Fig. El the domain wall width in the bent wires is on the 
order of 1 /im. Given the straight wire satuartion mag- 
netoresistance of AR/R = —1.5%, this corresponds to 
a decrease in the resistance of 8 mil, approximately one 
third of the decrease actually observed. Thus, while it ap- 
pears that AMR plays a significant role in the resistance 
shift, it seems likely that there are other mechanisms con- 
tributing to this effect and that further investigation is 
necessary to determine its cause. 



V. CONCLUSIONS 

In summary, we examined the magnetotransport prop- 
erties of straight and bent ferromagnetic nanowires. 
It was determined that the switching behavior of the 
straight nanowires is consistent with the curling-mode 
reversal of a small volume, followed by propagation 
throughout the wire bulk. The bent wires showed quali- 
tatively similar behavior, with modifications from the in- 
tersegment interactions. For both the straight and bent 
nanowires, the location of the switching events in (H,9) 
were found to be independent of which variable was being 
swept. The magnetic properties of the bent wires were 
dependent on the domain configuration at the bend; the 
energetic cost of nucleating a domain wall acts to increasd 
the observed switching field compared to a straight wire 
at equivalent orientations. There is also a change in the 
resistance associated with the domain configuration; the 
resistance is lower when a domain wall is present. Fur- 
ther investigation is needed to determine the mechanism 
of this reduction, including examination of wires of differ- 
ing diameters and possible studies of the dynamics of the 
reversal. Thus it appears that magnetic nanowires are 
a fruitful system for future studies of reversal dynamics 
and the effects of domain walls in ferromagnets. 
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